Ni-49Ti and Ni-30Pt-50Ti (nominal at. pct) shape memory alloys (SMAs) were isothermally oxidized in air over the temperature range of 773 K to 1173 K (500°C to 900°C) for 100 hours. The oxidation kinetics, presented in detail in a companion study, show~4 times reduction in oxidation rate due to Pt.
I. INTRODUCTION
SHAPE memory alloys (SMAs) were studied and developed for various medical and actuation devices that take advantage of a reversible martensitic transformation. While NiTi remains the most widely used composition, the phenomenon is characteristic of a number of B2 ordered intermetallic systems. One distinctive attribute of binary NiTi-based alloys, which has contributed to its use in medical applications, but has hindered deployment in many actuation systems, is the proximity of the transformation range to room temperature. [2] More recently, systems with elevated temperature capability were pursued for actuation applications. [3] For example, ternary alloys based on the Ni-Pt-Ti system are capable of shape memory behavior even against significant bias forces at temperatures in the range of 573 K to 673 K (300°C to 400°C) [4, 5] and exhibit transformation temperatures as high as 1273 K (1000°C) in the binary TiPt alloy. [6] This offers possible applications in the extreme environments encountered in the aeronautics, energy exploration, automotive, and other industries. [7] [8] [9] [10] [11] Commonly used hot fabrication techniques (e.g., rolling, extrusion, forging, etc.) or frequent recovery anneals between cold working passes provide additional motivation to study the oxidation behavior at high temperatures. Alternatively, SMA biomaterial implant devices often use preoxidized surfaces to facilitate tissue adhesion and bone growth to the TiO 2 scale as well as limit the amount of toxic Ni that may dissolve by in vivo fluids. [12] [13] [14] Furthermore, Pt-modified alloys offer improved imaging by X-ray or fluoroscopy techniques that are used to help guide and track the location and deployment of stents. [15, 16] Consequently, the oxidation rates were studied for a Ni-30Pt-50Ti SMA over the temperature range of 773 K to 1173 K (500°C to 900°C) and compared to those of a commercial Ni-49Ti alloy. [1] In addition, a simple model for determining the typical oxidative life for fine wire structures made from both materials was developed. [17] Generally, it was found that the oxidation rates of the NiPtTi alloy were lower than those of the binary alloy by about a factor of 4, but with a similar temperature dependence or activation energy. Thus, the purpose of this current study is to better understand the oxidation mechanisms in these two alloy systems by investigating the microstructure and phase fractions of the scales and depletion zones formed during oxidation at 773 K to 1173 K (500°C to 900°C).
A. Oxidation Behavior of Ni-Ti Alloys
NiTi alloy oxidation was the focus of a number of studies, all finding essentially parabolic kinetics. The kinetic results are summarized in Reference 1 for an overall temperature range of 723 K to 1273 K (450°C to 1000°C) and for durations as short as 4 hours and as long as 100 hours. All the results fall into essentially two groups: those having high activation energies of 220 to 260 kJ/mole and those with low activation energies on the order of 130 to 150 kJ/mole. By comparison, the activation energy of commercially pure Ti is close to 220 kJ/mole, and that of Ni varies over 110 to 170 kJ/ mole. This wide range for Ni oxidation is possibly an effect of uncontrolled impurities. Nevertheless, it is tempting to attribute the lower range of NiTi data to some effect of NiO scales. However, this does not appear to be the case, as discussed subsequently. Therefore, the reason for the two groupings of activation energies for oxidation of Ni-Ti alloys is currently unresolved. The following, then, is a recap of the primary findings in the literature. It is presented just for completeness, but is not intended as a critical review.
In an aggregate picture of the scale makeup based on previous Ni-Ti oxidation studies, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] it is clear that the oxide scale consists of multiple layers with TiO 2 rutile as the outer and predominant layer. Beneath this outer layer is a mixed scale of TiO 2 and NiTiO 3 with dispersed Ni(Ti) metal particles and porosity often observed within the scale. Finally, the scale is followed by Ti-depletion zones, resulting in the formation of various Ni-rich intermetallic compounds on top of the TiNi substrate. Thus, oxidation could affect bulk properties of small parts by not only reducing the volume of material available for shape memory or superelastic behavior, but by depressing the transformation temperatures of the remaining substrate through Ti depletion, [2] adversely affecting functional SMA properties. [17] Specifically, Satow et al., in perhaps the first reported oxidation study of NiTi SMAs, [18] used a succession of 20 light polishing treatments for layer by layer X-ray diffraction (XRD) analysis of the scale. Depth of removal was monitored by weight change, since thickness monitoring (using a micrometer) would be much less precise. They found structures of outer TiO 2 , followed by a graded mixture of TiO 2 and NiTiO 3 , a porous Ni(Ti) layer, Ni 3 Ti, and finally the TiNi substrate.
Chan et al. found primarily TiO 2 scales, with a depletion zone corresponding to~Ni 2 Ti. [19] However, given that there is no equilibrium or even metastable phase in the Ni-Ti system with that stoichiometry, [29] the depletion zone was probably either Ni 3 Ti or a solid solution of Ni(Ti). Chu et al. [20] found external TiO 2 scales, with metallic Ni(Ti) particles dispersed in an intermediate scale layer, followed by an Ni 3 Ti depletion zone. Xu et al. [24] oxidized NiTi for 4 hours at 723 K to 1023 K (450°C to 750°C). They found primarily external TiO 2 scale growth, with internal oxidation and a Ni 3 Ti depletion zone. Partial spallation of the oxide occurred after 750°C exposure, revealing a porous inner layer and individual oxide crystallites.
Firstov et al. [21] oxidized NiTi up to 30 hours at various temperatures. After 30 minutes, XRD analysis revealed the formation of TiO at 573 K to 773 K (300°C to 500°C), TiO 2 at 873 K (600°C), addition of some NiO at 973 K (700°C), and the incorporation of NiTiO 3 at 1073 K (800°C). The width of the Ni 3 Ti depletion zone increased with oxidation temperature, while traces of elemental Ni, very near the gas surface, decreased. Finally, the original material was B19¢ martensite at room temperature before oxidation, but the substrate phase transformed to the B2 parent phase due to selective Ti oxidation, thus demonstrating that Ti depletion can decrease transformation temperatures.
Nitinol wires were oxidized for 6 hours at 673 K to 1273 K (400°C to 1000°C) by Zhu et al. [22] They observed external TiO 2 scales, followed by bands of Ni intermixed with TiO 2 and underlying Ni 3 Ti and 'Ni 4 Ti' depletion layers. Again, there is no equilibrium phase in the Ni-Ti system with the latter stoichiometry; thus, the final depletion zone was probably solid solution Ni(Ti). Similarly, Vojteˇch et al. [23] oxidized Nitinol wire for 4 hours at 703 K to 923 K (430°C to 650°C) and observed primarily TiO 2 scales.
Tian et al. [25, 26] oxidized a high-temperature Ni-30Pd-50Ti at. pct SMA at 1173 K (900°C) for 46 hours. They identified a lenticular, oriented TiO 2 outer scale, with an inner porous layer of NiTiO 3 and Ti 4 Pd 2 O. Finally, there was a 250-lm Ti depletion zone with significantly enhanced hardness compared to the substrate material. It was also noted that this alloy oxidized somewhat slower than binary NiTi or pure Ti. Most recently, Lin and Wu [27] studied oxidation of a ternary Ni-10Cu-50Ti alloy at 973 K to 1273 K (700°C to 1000°C) for 6 hours. [27] They found a highly layered structure consisting of external Cu 2 O, followed by TiO 2 + TiNiO 3 , TiO 2 + Ni(ss) and a (Ni,Cu) 3 Ti depletion zone.
These various studies present a general picture of scale morphologies formed by thermal oxidation of NiTi alloys. The scales consist predominantly of external TiO 2 rutile crystals, inner layers of TiO 2 + NiTiO 3 , and depletion zones consisting of Ni 3 Ti and Ni(Ti) solid solutions. Most of this work was for short oxidation times. The present study is an attempt to characterize the various scale phases and layers that formed in the companion thermogravimetric study [1, 17] on Ni-49Ti and Ni-30Pt-50Ti SMAs oxidized at 773 K to 1173 K (500°C to 900°C) for longer (100 hours) exposures. XRD was used to identify phases and scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) was used to characterize a wide variety of microstructural features. The 973 K (700°C) samples were also characterized in cross section or by serial sectioning to reveal the subsurface structure. More detailed microstructural observations are available in a preliminary report.
[28] Since all of the observations were obtained for just one exposure time, no kinetic description of the oxidation layers is possible and may be a topic for subsequent work. For a discussion of the oxidation rates, one is referred to the prior companion study involving thermogravimetric determination of k p over the same temperature range. [1, 17] 
II. MATERIALS AND EXPERIMENTAL PROCEDURES
A conventional Nitinol SMA was obtained commercially from Johnson Matthey Inc. (San Jose, CA), in the form of 3.18-mm rolled plate, which was then surface ground to 2.54 mm and sectioned into 1.9 9 1.9 cm coupons by electrodischarge machining (EDM). Chemical analysis of the binary NiTi alloy (subsequently referred to in this article as Ni-49Ti) was performed by inductively coupled plasma emission spectroscopy (ICP) and yielded a composition of Ni-49.3Ti-3.2Fe at. pct.
The NiPtTi alloy (subsequently referred to as Ni-30Pt-50Ti) was produced in our laboratory by vacuum induction melting using a graphite crucible, followed by casting into a 2.54-cm diameter 9 10.2-cm long cylindrical copper mold. The resulting ingot was homogenized and then forged to 1.07 cm, under a 1366 K (1093°C) preheat. The plate was sectioned by EDM into 2.54-mm thick 9 1.5 9 1.5-cm coupons. The primary alloy phase at room temperature was the B19 ordered orthorhombic martensite phase, with an unintentional 2.1 vol pct TiC dispersed particulate phase. The overall chemistry determined by ICP was 20.10Ni, 49.66Ti, 29.1Pt, 0.85C, 0.2O, 0.06N, and 0.02Fe at. pct.
Oxidation coupons of both alloys were polished to a 600 grit finish with SiC emery paper and ultrasonically cleaned in detergent and then ethyl alcohol. The samples were oxidized in dried, bottled air, flowing at 100 cm 3 /min, at 773 K to 1173 K (500, 600, 700, and 800°C for 100 hours, and at 900°C for 10 hours). Heating was performed in a high-purity alumina tube mounted vertically in a resistance furnace. A Cahn 1000 thermogravimetric analysis (TGA) electrobalance was used to monitor weight change during elevated temperature exposure. The detailed treatment of the TGA kinetic data is covered in a companion article. [1] The oxidized surfaces of all samples were characterized by XRD to determine the structure of the surface oxides. SEM (Bruker AXS D8 Advance and Discover models, Madison, WI)/EDS (Hitachi S-4700 FEG-SEM, Tokyo) were also performed to identify the various features of the oxide scales using a conductive carbon coating and accelerating voltages of 6 to 15 kV. Imaging was generally in secondary electron mode, but at such a detector position to be sensitive to atomic weight as well. Backscatter imaging was also employed, especially for the polished cross sections obtained for duplicate samples oxidized at 973 K (700°C). The composition of various scale features was characterized by EDS using a windowless detector. The primary (and secondary satellite) peaks observed in this study follow in order of energy level as
, and (Pt L 1 , Pt L a ) over the energy range of about 0.2 to 10.0 kev. Spalling occurred after cooldown for some samples, as shown by the surface macrographs and weight change. [1] The relative amount of oxide weight loss on cooldown was compared to the final oxygen weight gain before cooldown. Correcting for stoichiometry and assuming primarily TiO 2 scales, the relative amount of spalling was estimated to be up to~70 pct for Ni-49Ti above 973 K (700°C) and up to~55 pct for Ni-30Pt-50Ti above 1073 K (800°C). [1] Some surface characterizations may accordingly correspond to inner scale layers exposed by spalling.
Select 973 K (700°C) samples were also examined by serial sectioning the binary Ni-49Ti alloy parallel to the sample surface or by low-angle taper, serial section polishing of the ternary Ni-30Pt-50Ti alloy. During serial sectioning, the oxidized surface was carefully hand polished with 600 grit emery paper, finishing to 4000 grit paper, and analyzed by XRD. The process was repeated periodically and the sample weight was recorded as a means to track the amount of scale removal. The use of a micrometer to measure the amount of material removal was not practical, as the total scale thickness was only on the order of 30 lm for the Ni-49Ti alloy and 15 lm for Ni-30Pt-50Ti. The Ni-30Pt-50Ti taper section was produced by polishing at a slight (£1 deg) angle to the plane of oxidation. This revealed up to 5 distinct bands across the surface of the sample, depending on depth, each corresponding to successive layers within the scale. Phases in the bands were identified using microfocus XRD with a 0.5-mm beam width. The relative amounts of each phase (weight percent) were estimated from the diffracted intensities using a commercial software program.
III. RESULTS
The results begin with XRD analyses of the surfaces after oxidation at various temperatures. A more detailed examination is then presented for scales formed at the median temperature of 973 K (700°C). Here serial sectioning XRD is combined with SEM/EDS characterization of polished cross sections to correlate microstructural features by phase and relative composition. We conclude with a survey of these features for the entire temperature range, as presented in plan view SEM/EDS of the as-oxidized surface or inner layers exposed by spallation.
A. XRD Analysis of the Oxide Surfaces
The primary scale and metal phases identified by XRD on the as-oxidized surfaces of the two alloys are shown in Table I . It should be noted that due to scale spallation, the results may exclude the outer layer and represent phases below the surface. The relative amounts were qualitatively surmised from the XRD peak intensities of the various phases. Several representative diffraction scans are shown in Figures 1(a) and (b) for Ni-49Ti and Ni-30Pt-50Ti, respectively, for several different conditions. These were selected to show simple progressive changes in surface structure. Other complexities arising from multiple superimposed oxide and metal patterns introduce challenges that warranted additional study, such as cross-sectional SEM/EDS and serial section XRD.
The as-received room-temperature bulk metal phases were the cubic B2 NiTi ''austenite'' for the Ni-49Ti alloy and the orthorhombic B19 NiPtTi martensite structure for the Ni-30Pt-50Ti alloy. Since the austenite finish temperature (A f ) for Ni-30Pt-50Ti is about 873 K (600°C), [4] this alloy was in the B2 high-temperature austenite state for most of the high-temperature oxidation treatments and transformed back to martensite on cooling, while the binary alloy was fully austenitic at all temperatures.
For both alloys, TiO 2 rutile was the predominant surface scale observed by XRD. The anatase form of TiO 2 may have been present, but only in very small amounts at the low oxidation temperatures (773 K and 873 K, i.e., 500°C and 600°C). The NiTiO 3 nickel titanate phase appeared on both alloys but was more prevalent for the Ni-30Pt-50Ti alloy. NiO was not a major scale phase, appearing only once (in the case of the 973 K (700°C) oxidized Ni-30Pt-50Ti sample) and exhibiting a strong preferred orientation.
As previously mentioned, cooling from the oxidation temperatures often produced massive spalling. Thus, the true outer layer of the scale may have been missed by surface diffractometer scans. However, for Ni-49Ti, it
was possible to collect and analyze spalled material from the 973 K and 1073 K (700°C and 800°C) scales, confirming essentially the same scale phases as the surface scans, e.g., TiO 2 rutile with a much smaller fraction of NiTiO 3 .
Finally, it was sometimes possible to detect various metallic depletion zones resulting from the loss of Ti. In the Ni-49Ti alloy, the metallic phases observed other than the substrate B2 NiTi phase were L1 2 Ni 3 Ti and A1 fcc Ni. This would be expected as one traverses the Table I . Summary of the Surface Phases Observed by XRD after Oxidation of (a) Ni-49Ti and (b) Ni-30Pt-50Ti Samples* (a) Ni-49Ti 
and ''V.W.'' refer qualitatively to the strength of the observed diffraction peaks, i.e., strong, medium, weak, and very weak, respectively. Ni-Ti binary phase diagram [30] from B2 NiTi to more Ni-rich compositions. The situation was more complex in the case of the ternary Ni-30Pt-50Ti alloy. In this case, besides the substrate monoclinic B19 NiPtTi martensite phase, there appeared an L1 2 Pt 3 Ti, L1 0 NiPt, and A1 fcc Pt(Ni) solid solution, as well as an unknown phase tentatively identified as a D0 19 structure (discussed in Section III-B-3). Here it is difficult to account for the details of a diffusion path and the sequence of metallic phases formed by Ti depletion, since there is no ternary phase diagram for this system.
This provides an overview of most of the phases observed for NiTi and NiPtTi oxidation over the 773 K to 1173 K (500°C to 900°C) temperature range. A more detailed account of their position in the scale, coupled with microstructural details, is now addressed by the combination of cross-sectional metallography and serial section XRD studies. These were performed for samples oxidized at the median temperature of 973 K (700°C) for 100 hours and featured many of the phases formed at other temperatures.
B. Serial/Taper XRD and Cross-Sectional EDS Analyses
To fully characterize each feature in the layers of scale and depletion zones, cross-sectional samples were analyzed by SEM/EDS and correlated with XRD analyses of duplicate samples undergoing successive serial/taper polishing in plan. Table II summarizes these features for  Ni-49Ti (Table II(a)) and Ni-30Pt-50Ti (Table II(b)) alloys oxidized for 100 hours at 973 K (700°C). The table cross-references each phase, its corresponding appearance (Figures 2 and 5) , and EDS spectra (Figures 4 and 7) . The specific details are discussed in Sections III-A-1 and A-2 for Ni-49Ti and Ni-30Pt-50Ti, respectively.
Ni-49Ti
Multiple layers are clearly delineated in the crosssectional microstructure of the Ni-49Ti sample ( Figure 2 ). The total scale and metal depletion zones are on the order of 30 and 17 lm, respectively. (Note that the bright scale outline is an imaging artifact caused by a recessed scale interface due to polishing and is not a separate layer.) a. Serial-section XRD analyses. XRD scans were performed on a duplicate sample during serial polishing of the oxidized Ni-49Ti surface. Accordingly, the phase content was determined as a function of ''depth'' beneath the surface, as tracked by the cumulative amount of mass Table II. Phases and Corresponding SEM/EDS Spectra for Features Identified in Polished Cross Sections for Samples Oxidized at 973 K (700°C) for 100 H: (a) Ni-49Ti (Fig. 2) and (b) Ni-30Pt-50Ti (Fig. 5 ) removed by each polishing step. The results are shown in Figure 3 and summarized in Table III . In Table III The total scale weight for the sample after oxidation was estimated at 10.67 mg/cm 2 , assuming a TiO 2 stoichiometry. The serial polishing process removed a total of~9 mg/cm 2 of mass from the sample surface. Consequently, neglecting the effects of metallic layers, most, but not all, of the scale was removed during the serial polishing process. This is consistent with the fact that the underlying NiTi base alloy was never reached during this examination. Also, it should be noted that the last set of data in Figure 2 , plotted as dashed lines near 10 mg/cm 2 , corresponds to a tapered edge effect. It reflects phase contents from an indeterminate lower layer and completes the overall trend.
b. Cross-sectional SEM/EDS analyses. To complement the serial XRD analyses, EDS analyses were performed on the duplicate cross-sectional sample for points labeled 1 through 7 ( Figure 2 ). The 15 kV EDS spectrum (1 in Figure 4(a) ) corresponds to the outer TiO 2 layer in Figure 2 (position 1) and indicates a relatively pure TiO 2 oxide. (Note that the O K a and Ti L 1 , Ti L a lines overlap. Since the O K a /Ti K a ratio does not increase when there is a strong Ti K a line in this figure, it primarily reflects the contribution of oxygen. Carbon is commonly present in all the EDS spectra because of the conductive carbon coating on all samples.) At 10 lm beneath the surface, some porosity and Fe-rich oxide platelets are noted (feature 2 in Figure 2) , arising from the 3 pct Fe impurity. The corresponding EDS spectrum (2 in Figure 4(a) Figures 2 and 4(a) ) is again basically TiO 2 , but with a considerable dispersion of bright submicron Ni-rich particles (feature 3 in Figure 2 ). The corresponding EDS spectrum 3 in Figure 4 (a) is distinguished by the high Ni and low O peak, consistent with the metallic Ni phase observed by XRD. However, as in many other instances, there is some contribution from the surrounding (oxide) areas to the EDS analysis of any small particles (£1 lm). Nonetheless, this analysis indicates small Ni-rich particles surrounded by a TiO 2 matrix.
Porosity is observed at the inner region of the second TiO 2 layer, near the interface with the metallic layer below. Here the first connected metal phases appear as fingerlike protrusions (feature 5 in Figure 2 ), spanning a 4-lm thickness. The associated EDS spectrum (5 in Figure 4(b) ) is similar to that of the depletion layer (6), though the relative intensities are somewhat different. The composition of this phase, estimated by standardless EDS, is near that of Ni 3 Ti, with a small amount of Fe and possibly some oxygen. It can be seen from Figure 3 that Ni 3 Ti is indeed the interface phase that increases as the TiO 2 level decreases. These fingers are connected to the dense depletion zone (region 6 in Figure 2 ), which is also Ni 3 Ti, but with less Fe and oxygen. Finally, at a distance~10 lm beneath this depletion zone (region 7 in Figure 2 ), the composition of the substrate appears to be essentially the same as the interior of the sample (not shown in Figure 2 , but giving spectrum 8 in Figure 4(b) ). However, this substrate phase was not reached in the serial section XRD study.
In combination, the XRD and EDS results for the Ni-49Ti alloy oxidized at 973 K (700°C) for 100 hours indicate a scale consisting of two layers of TiO 2 oxide: an outer, relatively pure,~10-lm TiO 2 layer and an inner,~15-lm TiO 2 layer. These layers were separated by a 5-lm interfacial region rich in NiTiO 3 and Fe 3 O 4 . The 3 Ti depletion zone, followed by the NiTi substrate.
Ni-30Pt-50Ti
A similar serial XRD and cross-sectional SEM/EDS correlational study is now presented in Table IV and Figures 5 through 7 for the Ni-30Pt-50Ti alloy oxidized at 973 K (700°C) for 100 hours. Based on the gap between the epoxy mount and the sample, it appears that a 3-lm outer layer may be missing from the crosssectional structure ( Figure 5 ). This may have resulted from pullout during polishing, which persisted upon attempts at duplication or repeated polishing. The remaining scale can be described as about 5 lm of a three-phase zone and about 8 lm (on average) of an inner layer with numerous dispersed metallic particles. This yields a total scale about 16-lm thick. This is about one-half the scale thickness formed on the Ni-49Ti alloy under identical conditions, as would be expected for the overall k p ratio of about one-quarter. [1] Similar to the Ni-49Ti alloy, depletion zones also formed. However, the underlying substrate was affected by the precipitation of additional phases essentially throughout the thickness of the sample, with serious implications on SMA functional properties.
a. Taper-section XRD analyses. One early polishing step had unintentionally removed the entire scale at one corner of the Ni-30Pt-50Ti sample, precluding a controlled serial sectioning study analogous to the Ni-49Ti alloy. However, the microfocus capability of a special diffractometer was used to locate a 0.5-mm beam within a series of visually distinct adjacent bands, labeled ''A'' through ''E,'' as one progressed across the tapered surface. These bands corresponded to adjacent layers at successive depths beneath the surface. Each band was at least a few millimeters wide, easily accommodating the beam. The tapered sample was then given a sequence of five polishing steps, with the various bands (A through E) examined each time. Thus, ''A3'' refers to the analysis of band A after the third polishing step. The progression of scale and depletion zone phases in each band is listed in Table IV for the five polishing steps. Here A 0 corresponds to the as-oxidized surface, while F4 and F5 correspond to polishing well into the substrate. The amount of TiO 2 in the scale estimated from all the oxygen weight gain would be 3.79 mg/cm 2 . This corresponds to a depth lying somewhere between layers E3 and F4, neglecting effects of metal phases on polished layer removal weight. Representative diffractometer scans for each of the bands can be found in Reference 28.
By inspection, it can be seen from Table IV that the compositions of the bands were relatively unchanged over some polishing steps. Accordingly, the values were averaged, as appropriate, to designate a ''layer'' composition. Specifically, layer zone A¢ refers to bands A0 and A1, A refers to A2 and A3, and so on (but E3 is grouped with F4 and F5 substrate phases). These average values are summarized as a function of layer zone for the primary oxide phases ( Figure 6(a) ) and for the primary metallic and depletion zone phases ( Figure 6(b) ). This provides a semiquantitative visual trend in surface phases with depth, i.e., layers A¢ through F. Note that both oxide ( Figure 6 (a)) and metallic ( Figure 6 (b)) phases are often present in each layer and must be summed together to account for 100 pct of the phases present. Based on the scale phase results summarized in Figure 6 (a), a small amount of NiO was detected primarily in the outermost surface layer, A¢. Similarly, NiTiO 3 was present in the adjacent level, A, but at a more noticeable concentration of~25 to 30 pct. This was also at a greater concentration than that observed in the Ni-49Ti alloy. As before, TiO 2 rutile was the predominant outer scale oxide phase, reaching~50 to 75 pct over bands A¢ through C.
Conversely, the metallic phases ( Figure 6 (b)) were detected only in small amounts at the outer layers, becoming more prominent at band C. This appears to be the transition layer to the underlying metallic depletion zones. Specifically, metallic fcc A1 Pt(Ni) increases from about 4 pct in the surface (A¢) to about 40 pct at layer C. At layer D, the L1 2 Pt 3 Ti phase becomes the primary phase (~60 to 65 pct), with the B19 martensitic Pt(Ni)Ti substrate phase appearing as the secondary phase. The martensite substrate phase becomes predominant at layer E, with remnants of the depletion zone phases, Pt(Ni) and Pt 3 Ti. The last level, F, should be in the unaffected bulk substrate material. It does consist of the B19 Pt(Ni)Ti phase and a small amount (4 pct) of TiC (analyzed as 3 vol pct in the as-received material). However, another previously unobserved D0 19 phase was also observed (45 pct), primarily along grain boundaries in the B19 martensite substrate. [28] This proposed D0 19 phase was hexagonal in structure (c = 5.496 Å , a = 4.500 Å ) and appears to belong to the space group P6 3 /mmc. It shows a relative composition close to the (Pt,Ni) 3 Ti phase, but with less Ni. To our knowledge, this phase has not been previously identified in the Ni-Pt-Ti system and will be referred to subsequently in this paper simply as ''D0 19 .'' It is isostructural with both Ni 3 Sn and Mn 12 Pt 4 N, with a good lattice parameter match to the latter, but little relation to its composition. It may be possible that this D0 19 phase is interstitially stabilized, such as Mn 12 Pt 4 N and other phases in the binary Ti-Pt system. [31] This phase was located primarily along grain boundaries, fast paths for diffusion, particularly interstitial oxygen or nitrogen. Further studies are underway to confirm this phase and its dependence on various thermal exposures.
b. Cross-sectional SEM/EDS analyses. Again, to complement the taper/serial XRD analyses, detailed EDS analyses were performed on the cross-sectional sample shown in Figure 5 at each point labeled 1 through 9 in the figure. This section covers the surface-affected zones, but not the underlying substrate. Representative EDS spectra obtained from each point in Figure 5 are presented in Figure 7 . The correspondence between the various phases (XRD) and specific features identified by SEM ( Figure 5 ) and EDS ( Figure 7 ) are summarized in Table II(b) .
Within the outermost 5-lm scale layer, there appears to be three distinct phases labeled 1 through 3 in Figure 5 . Based on the corresponding EDS spectra (Figure 7(a) ), it was possible to delineate the three oxide phases identified by XRD. They are shown in the inset to Figure 5 and the light gray phase (region 1) was identified as NiO, the gray phase (region 2) as NiTiO 3 , and the dark phase (region 3) as TiO 2 .
The second scale layer ( Figure 5 ), approximately 10-lm thick, consisted of a dark TiO 2 matrix phase (feature 5), with dispersed bright Pt(Ni) submicron metallic particles, and coarser, elongated fingers (feature 4). The Pt fingers are ultimately connected to a continuous, 3-lm-thick, nearly pure Pt metal depletion zone (6) . The EDS spectra corresponding to these Pt(Ni) + TiO 2 features are presented in Figure 7(b) .
The diffusion affected alloy is seen in the left region of Figure 5 , with corresponding EDS spectra in The continuous phase (feature 7) appears to be a lathlike structure consistent with a (Pt,Ni) 3 Ti composition. The light gray minor phase within this zone (feature 8) is very likely to be the D0 19 grain boundary phase found internally, based on equivalent EDS spectra and appearance. [28] Note that the relative Ti/Pt intensity ratios (0.3) are about equal for spectra 7 and 8, but measurably lower than the B19 Ni-30Pt-50Ti interior phase (0.45). The latter value is close to that of the as-received substrate (0.5).
[28] The interior B19 matrix phase appears just beyond the frame of Figure 5 and consists of the original martensite, extensively decorated with a white ''grain boundary'' necklace phase thought to be the D0 19 phase.
[28] (The grain boundaries would apply to the high-temperature B2 parent Pt(Ni)Ti phase existing during oxidation.) Thus, features 7 and 8 both indicate additional Ti-depleted phases, though the phase analyses are somewhat tentative at present. The very dark particles (feature 9) are the original TiC particles observed in the as-received material, resulting from melting in a graphite crucible. Together, the XRD and EDS results for the ternary Ni-30Pt-50Ti alloy oxidized at 973 K (700°C) for 100 hours indicate similar scale features, but a more complicated depletion zone, compared to those observed for the binary Ni-49Ti alloy. The scale consists of two layers: a 5-to 8-lm outer layer of TiO 2 , with some NiTiO 3 , and NiO, followed by a~10-lm layer of TiO 2 embedded with Pt-rich particles. The Pt-rich phases then connected as fingers and eventually formed a continuous 3-lm Pt-rich metallic layer. Next was a diffusion-affected substrate region proposed to be a twophase mixture of L1 2 (Pt,Ni) 3 Ti and a new D0 19 phase. The modified substrate interior (not shown) is under further investigation, but appears to be a multiphase region consisting of B19 Pt(Ni)Ti martensite, a grain boundary necklace of D0 19 , and some Widmansta¨tten-like lathes of (Pt,Ni) 3 Ti.
C. SEM Analyses of Oxide Surface Features
We can now proceed to identify various surface features formed at different oxidation temperatures. The preceding cross-sectional analyses are especially useful since some features existed in inner layers exposed by spallation.
Ni-49Ti
An overview of the scale surfaces formed on Ni-49Ti by oxidation at 873 K to 1073 K (600°C to 800°C) is presented in Figures 8(a) through (c) , respectively. These show the strong temperature effect on the TiO 2 grain size and structure. (Spalling was so widespread at 1173 K (900°C) that no area of intact scale surface could be located.) The primary characteristics of the outer scale surfaces were angular, often striated and faceted crystals. These are hallmark characteristics of outward TiO 2 rutile scale growth. [32] A feature common to the scales formed at 873 K to 1173 K (700°C to 900°C) was the appearance of complex fracture steps and plateaus due to spalling. [28] An example consisting of layers and the step between them is shown in Figure 9 for Ni-49Ti oxidized at 700°C for 100 hours. The layer at the top of the micrograph represents the scale-gas interface; the EDS spectrum indicated pure TiO 2 . Within the step between ledges, some brighter Ni-Ti-O rich particles were observed, assumed to be NiTiO 3 . According to the EDS spectrum shown in Figure 9 , the lower plateau contained some small angular crystals that yielded a Ti-Fe-O rich chemistry with some Ni. This region corresponds to the Fe 3 O 4 / NiTiO 3 interfacial zone identified in the cross section as region 2 in Figure 2 . Similar features were observed after oxidation at 1073 K (800°C) for 100 hours. [28] Some globular features were revealed on spalled plateaus ( Figure 10 ) for 10 hours oxidation at 1173 K (900°C). Based on the EDS spectrum, this globular phase (X) appears to be dispersed metallic Ni particles in a matrix of essentially pure TiO 2 (Y). This is similar to the 15-lm thick sublayer observed in the 700°C cross section (Figures 2 through 4) , also showing dispersed Ni particles in a matrix of TiO 2 .
Ni-30Pt-50Ti
An overview of the scale surfaces formed on Ni-30Pt-50Ti by oxidation at 873 K to 1173 K (600°C to 900°C) is presented in Figures 8(d) through (f) , respectively. (No Fig. 9 -Detailed view of scalloped spall ledges within the scale formed on Ni-49Ti after 100 h oxidation at 973 K (700°C). EDS spectrum (at 10 kV) taken from the circled region. unspalled areas could be located for the 1073 K (800°C) sample.) Colonies or outcroppings of the faceted and striated TiO 2 grains are seen as isolated islands on a sea of finer grain, smoother material. As was the case with the Ni-49Ti alloy, a progressive increase in TiO 2 crystal size with temperature was apparent.
The structure developed at 873 K (600°C) is shown in more detail in Figure 11 . Both the large-and finegrained oxide crystals were determined to be pure TiO 2 , while a dispersion of fine localized Pt-rich particles was identified by the included EDS spectrum. Large faceted TiO 2 crystals were also observed for the 973 K (700°C) sample; EDS spectra of some fine-grained areas also indicated NiO. At 800°C, multiple layers were exposed by spallation, revealing a dispersion of bright Pt-rich particles in a matrix of TiO 2 ( Figure 12 ). This morphology is similar to the dispersion of Pt-rich particles embedded in the TiO 2 sublayer formed at 973 K (700°C) ( Figure 5 ).
Large highly striated TiO 2 crystals were formed after 10 hours oxidation at 1173 K (900°C) (Figure 13(a) ). Under these conditions, even the fine grains in the external scale appear highly faceted (Figure 13(b) ). Lower layers, exposed by spalling, show both cleaved, flat grains (Figure 14(a) ) and distinctive filamentary or needlelike features, clustered in parallel (crystallographic) colonies (Figure 14(b) ). EDS spectra from these lower scale layers indicated a fine dispersion of bright Pt-rich particles embedded in a TiO 2 matrix phase, a common observation in cross section, and plan views of scales formed on Ni-30Pt-50Ti.
IV. DISCUSSION
The results of this study confirm that a commercial NiTi and an experimental NiPtTi SMA form primarily fast growing TiO 2 rutile scales over a wide temperature range for relatively long-term isothermal exposures to dry air. Thus, the reported activation energies of 250 kJ/ mole for both alloys is consistent with those reported for other Ni-Ti studies exhibiting rutile as the primary scale phase. [1] (The TiO 2 anatase phase may have been present in trace amounts for the Ni-49Ti alloy, but only at low temperature.) The predominance of TiO 2 scales is easily reconciled based on thermodynamic stability and growth rates. It had been noted in the earlier companion study [1] that the (negative) free energy of formation for TiO 2 is 3 times that of NiO and would thus be the preferred scale for the reaction of Ni-Ti alloys with O 2 . It had also been noted that the parabolic oxidation constant, k p , of TiO 2 scales growing on pure Ti is about two orders of magnitude higher than that for NiO scales growing on pure Ni. This would favor TiO 2 overgrowth of any initial NiO transient scales. There is no stable condensed oxide of Pt.
Accordingly, NiO was observed only as a minor phase, primarily on the NiPtTi alloy. It was less than 20 wt pct of all phases in a single serial scan and appeared predominately at the gas surface. Furthermore, NiTiO 3 formed only as a secondary oxide, possibly as a reaction product of NiO + TiO 2 . It reached a maximum of 20 to 30 wt pct of all phases present in the near-surface region of both alloys. It was difficult to distinguish microstructurally in cross section and often appeared as small dispersed particles in SEM plan views. Thus, nickel is oxidized to some degree, appearing in NiO or NiTiO 3 , probably associated with transient oxidation. The details may be revealed by short-time exposures, where it is likely that NiO forms in the initial scales, reacting with TiO 2 to form NiTiO 3 .
However, internal to the scales, dispersed metallic Ni(Ti) and Pt(Ni) solid-solution particles were observed on the Ni-49Ti and Ni-30Pt-20Ti alloys, respectively. It is believed that, once developed, this may reflect a steady-state morphology. That is, metallic Ni may persist at an oxygen potential developed within the scale that is below the dissociation pressure of NiO, as discussed later.
Finally, metallic depletion zones are encountered, first as fingerlike protrusions into the scale and then as a continuous layer of predominantly Ni 3 Ti or a Pt(Ni) solid solution in the Ni-49Ti and Ni-30Pt-20Ti alloys, respectively. A new hexagonal DO 19 phase appears to have precipitated within the B19 NiPtTi martensitic matrix, primarily along prior B2 parent grain bound- aries. Fe 3 O 4 and TiC resulted from intentional or unintentional impurities in the NiTi and NiPtTi alloys, respectively, and are believed to be relatively innocuous to the oxidation process.
Most of the scale features identified on the Ni-49Ti alloy were observed in the literature to various degrees. The serial sectioning XRD study by Satow et al. [18] cataloged the transition from a pure rutile external scale, to a mixture of TiO 2 and NiTiO 3 , to TiO 2 plus Ni, then to a Ni 3 Ti depletion zone, and finally to the NiTi substrate. Others occasionally observed the anatase structure, primarily at lower temperature and shorter time exposures. Porosity was more prevalent in some studies, [25, 26] and spalling was occasionally observed. [22] Dispersed metallic particles and depletion zones were sometimes reported as various Ni x Ti y stoichiometries, [19, 22] but these were probably either Ni 3 Ti or solid solution Ni. Thus, in these and the present work, various metallic depletion zone phases follow the phase diagram simply with increasing Ti content, e.g., Ni(Ti) particles, Ni 3 Ti depletion layer, and NiTi substrate, in that order, as expected for the selective removal of Ti by surface oxidation.
The NiPtTi ternary alloy oxidized with a parabolic rate about 4 times lower than that of the binary NiTi alloy. [1] Since the oxide phases were similar on both alloys, the difference cannot be explained by modifications in the scale growth and diffusivity. However, the existence of a nearly continuous Pt-rich depletion zone is expected to restrict Ti outward diffusion from the substrate, as compared to the Ni 3 Ti zone for the binary alloy. Just above the depletion zones were dispersions of metallic particles in the scales. These metallic particles appear as ''solvent'' remnants from the oxidation of the Ti ''solute'' constituent. In the case of the NiTi binary alloy, this phase appears as a fine dispersion of Ni in the inner layer of a duplex TiO 2 scale. It transitions toward Ni 3 Ti metallic fingers attached to a continuous Ni 3 Ti depletion zone layer. For the NiPtTi alloy, a 13-lm mixed cermet zone of Pt(Ni) + TiO 2 inner scale resulted. It transitions toward Pt-rich fingers and a 3-lm zone of Pt, then Pt 3 Ti. The noble inert Pt phase, thus, can be viewed as both a diffusion and reaction barrier. It may retard both the outward transport of Ti toward the oxidative interface as well as internal oxidation and the inward transport of oxygen. (A NiPdTi alloy also exhibited some reduction in growth rate. [25, 26] ) However, it is difficult to account for the details of a diffusion path and the sequence of metallic phases formed by Ti depletion, since there is no ternary phase diagram for the Ni-Pt-Ti system. In addition, one of the phases (D0 19 ) had not been previously reported for this system.
The dispersed unoxidized Ni particles embedded in the TiO 2 matrix is an unusual feature of the scales formed on the Ni-49Ti. These presumably were metallic remnants of the NiTi substrate after the Ti was completely depleted by selective oxidation. The fact that they were not oxidized perhaps indicates that the local pO 2 is below that needed to oxidize Ni. For example, a standard Ellingham diagram can be used to show that pure Ti will be oxidized at 700°C at an equilibrium pO 2 above just~10 À40 atm, whereas metallic Ni will remain stable below~10 À17 atm. In a similar regard, the pO 2 corresponding to Fe 2 O 3 -Fe 3 O 4 equilibrium at 700°C would correspond to~10 À11 atm, thus corroborating the evidence that the Ni particles reside in a lower pO 2 layer beneath the Fe 3 O 4 particles. TiO 2 growth is very rapid in comparison to NiO growth (up to 100 times increase in k p [1] ). Thus, Ti is extracted out of the alloy, leaving metallic Ni in local equilibrium in the subscale. Eventually, the present layer may be converted to NiO (and NiTiO 3 ) as oxygen and the pO 2 gradient of a growing scale eventually shifts further inward, but meanwhile generating new low pO 2 sublayers with new metallic remnant particles. To some extent, the same discussion can apply to the metallic Pt(Ni) particles found in the subscales for the Ni-30Pt-50Ti alloy. However, Ni is only present in solution with metallic Pt, and condensed oxides of Pt are not stable.
These observations are consistent with some predictions of a calculated mole fraction NiTi-O phase diagram, suggesting the stability of TiO 2 , NiTiO 3 , and metallic Ni at some intermediate level of oxygen. [21] However, this approach does not address the pO 2 or oxygen content across an actual scale. As a result, it suggests the presence of Ti 4 O 7 , Ti 2 O 3 , and TiO suboxides (at low oxygen contents) that were never observed in any study, even though low pO 2 is definitely achieved at the scale-metal interface. Consequently, caution is needed for drawing broad conclusions from this kind of approach.
The fact that relatively little NiTiO 3 is found throughout the scale implies a strong component of outward transport of Ti, leaving Ni-rich phases behind as depleted layers. The limited amount of NiTiO 3 that did form in the outer layer may result from an initial transient oxidation product, with some new growth by inward oxygen diffusion. Internal oxidation and breakup of the metallic diffusion zone found in more dilute Ni-5, 10, and 15Ti alloys [33] were similar to the fingerlike structure of the depletion zones here, as well as the isolation of individual particles in the scale. In these dilute alloys, more distinct layers were formed: NiO at the gas surface, followed by NiTiO 3 , then internal fingers of TiO 2 . NiO is consistent with the higher Ni content of these alloys. Ti-depletion zones formed beneath the scale were similar to those shown for the NiTi SMA alloys. As might be expected, the oxidation rates for these alloys were shown to be between those of pure Ni and NiTi SMA alloys. [1] Another prominent scale feature was the dramatic growth of faceted external TiO 2 crystals with oxidation temperature. Such external growth features indicate outward Ti diffusion. A summary of the average crystal diameter is given in Figure 15 , suggesting an Arrheniustype grain growth relation, i.e., based on a thermally activated process. The TiO 2 grains for the Ni-49Ti alloy and the large grains in the Ni-30Pt-50Ti alloy were nearly the same size, even though the scale growth rates were faster for the binary alloy. However, the ternary alloy also possessed a prominent fine-grain base scale (dashed curve) that was approximately 7 times smaller than the large grain outcroppings. There is no readily apparent explanation for the bimodal grain size. Figure 15 also compares the grain size found for TiO 2 scales formed on other NiTi and Ti alloys. Again, Arrhenius-type relations are suggested, but for considerably smaller sizes. This difference is primarily due to the shorter times in the literature (4 hours for Vojteˆch et al. [23] and Xu et al.; [24] and 1 to 2 hours for Park et al. [34] ). Vojteˆch et al. attempted to determine an activation energy by estimating scale growth rate constants, albeit from limited time data, assuming a t 1/ 3 kinetic law. They determined the activation energy for crystal growth to be 45 kJ/mole, or about one-third that of the oxidation kinetics. This is reflected in the shallow slope of their curve in Figure 15 . No meaningful grain growth rates could be determined in the present study because only one oxidation time was used.
V. SUMMARY AND CONCLUSIONS
Ni-49Ti and Ni-30Pt-50Ti SMAs were oxidized isothermally in dry air at 773 K to 1173 K (500°C to 900°C). The scales were characterized by SEM/EDS and XRD normal to the scale surface. Serial sections parallel (or slightly tapered) to the surface and cross sections were studied for samples oxidized at 973 K (700°C). The TiO 2 rutile phase dominated the scale makeup, with a distinct striated and faceted external grain structure at the gas-metal interface. The TiO 2 grain size was found to be highly temperature dependent and similar for each alloy. There was also a duplex fine grain structure on the NiPtTi alloy. Otherwise, the NiPtTi alloy exhibited many scale features in common with the NiTi alloy, but at about half the overall scale thickness, as expected from the previous thermogravimetric kinetic study. [1] The external scale features, layered structure, and composition suggest an oxidation mechanism primarily driven by TiO 2 rutile scale growth and Ti depletion of the substrate.
The resulting depletion zones, however, were considerably different in the two alloys. In the Ni-49Ti alloy, excess Ni appeared to concentrate in dispersed metallic Ni particles or in the Ni 3 Ti depletion zone layer. In the case of the Ni-30Pt-50Ti alloy, metallic Pt(Ni) dispersoids formed, followed by a continuous Pt-rich depletion zone. It is believed that this layer acts as a diffusion barrier, contributing to a reduced oxidation rate by limiting outward diffusion of Ti and inward diffusion of O compared to alloys without Pt. Accordingly, this may account for the difference in oxidation kinetics previously observed. [1] Fig. 15-Effect of temperature on TiO 2 crystal size for scales formed on Ni-49Ti and Ni-30Pt-50Ti compared to previous studies (Vojteˆch et al., [23] Xu et al., [24] and Park et al. [34] ).
